18 F-galacto-RGD ( 18 F-RGD) is a PET tracer binding to a v b 3 integrin receptors that are upregulated after myocardial infarction (MI) as part of the healing process. We studied whether myocardial 18 F-RGD uptake early after MI is associated with long-term left-ventricle (LV) remodeling in a rat model. Methods: Wistar rats underwent sham operation (n 5 9) or permanent coronary ligation (n 5 25). One week after MI, rats were injected with 18 F-RGD to evaluate a v b 3 integrin expression using a preclinical PET system. In the same rats, LV volumes and defect size were measured 1 and 12 wk after MI by 13 N-ammonia PET and MRI, respectively. Results: One week after MI, 18 F-RGD uptake was increased in the defect area as compared with the remote myocardium of MI rats or sham-operated controls (percentage injected dose per cubic centimeter, 0.20 6 0.05 vs. 0.06 6 0.03 and 0.07 6 0.04, P , 0.001). At this time, 18 F-RGD uptake was associated with capillary density in histologic sections. Average 18 F-RGD uptake in the defect area was lowest in the rats demonstrating greater than 20% relative increase in the LV end-diastolic volume from 1 to 12 wk (percentage injected dose per centimeter cubed, 0.15 6 0.07 vs. 0.21 6 0.05, P , 0.05). In a multivariable logistic regression analysis, low 18 F-RGD uptake was a significant predictor of increase in end-diastolic volume (r 5 0.51, P , 0.05). Conclusion: High levels of 18 F-RGD uptake in the perfusion defect area early after MI were associated with the absence of significant LV remodeling after 12 wk of follow-up. These results suggest that a v b 3 integrin expression is a potential biomarker of myocardial repair processes after MI and enables the monitoring of these processes by molecular imaging to derive possible prognostic information.
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Integrin a v b 3 is a cell membrane glycoprotein receptor that is highly expressed on endothelial cells during angiogenesis. Its expression is upregulated after ischemic myocardial injury in the infarcted and border zone regions as part of the early infarct healing process (8) (9) (10) . Radiolabeled antagonists containing the cyclic Arg-Gly-Asp (RGD) peptide have been used for molecular imaging of a v b 3 integrin expression after experimental and human MI using radionuclide imaging (8, 9, 11) . However, it remains unknown whether a v b 3 integrin expression is associated with the post-MI LV remodeling process. Therefore, we studied whether 18 F-galacto-RGD ( 18 F-RGD) uptake early after MI is associated with long-term LV remodeling in a rat model. One week after permanent left coronary artery (LCA) ligation, rats were injected with 18 F-RGD to evaluate a v b 3 integrin expression in the infarcted area using a small-animal PET scanner. In the same rats, changes in LV cavity size, LV function, and infarct size were studied by serial 13 N-ammonia (NH 3 ) PET and MRI measurements at 1 and 12 wk. Uptake of 18 F-RGD was compared with the presence of angiogenesis in histologic samples at 1 wk after MI in a subgroup of rats.
MATERIALS AND METHODS

Study Protocol and Animal Model
The study protocol is shown in Supplemental Figure 1 (supplemental materials are available online only at http://jnm. snmjournals.org). Permanent ligation of the LCA was performed in 50 healthy male Wistar rats (Charles Rivers Laboratories, Inc.) age 8-10 wk to induce MI, whereas 9 controls had sham operation. Myocardial 18 F-RGD uptake early after MI was evaluated by PET 1 wk after LCA ligation, because 18 F-RGD uptake is highest 1 wk after MI (8) . In the same imaging session, myocardial perfusion imaging was performed before 18 F-RGD injection to localize the myocardium and determine MI size. LV morphology and function were studied by MRI at 1 wk (24 h after the PET) and 12 wk after LCA ligation. Subsequently, the rats were euthanized and hearts excised for histologic confirmation of MI size. In addition, a subgroup of rats with permanent (n 5 3) or transient (n 5 3) LCA ligation was injected with 18 F-RGD and euthanized 1 wk after MI for ex vivo comparison of 18 F-RGD uptake using autoradiography and histologic determination of capillary density and inflammation in tissue sections.
Ligation of the LCA was done as previously described (12) . Briefly, the rats were anesthetized with an intramuscular administration of midazolam (5 mg/kg, Dormicum; Roche), medetomidin (0.5 mg/kg, Dormitor; Pfizer), and fentanyl (0.05 mg/kg; Ratiopharm) and connected to a rodent ventilator. The heart was exposed through a left lateral thoracotomy of the fourth intercostal space, and the LCA was ligated near its origin (;2-3 mm from the tip of the left atrium). In the ischemia-reperfusion group, ligation was released after 20 min. The sham operation consisted of the same procedures, except that the LCA suture was not tightened. The study protocols were approved by the regional governmental commission of animal protection (Regierung von Oberbayern, Germany).
Tracer Preparation
Synthesis of the precursor and 18 F labeling of galacto-RGD was performed as described previously (13) . Properties of radiolabeled RGD peptides have been recently reviewed by Haubner et al. (14) .
PET
The rats were imaged using a small-animal PET scanner (Inveon; Siemens Medical Solutions) as described earlier (8, 12) . The rats were anesthetized using 1.5% isoflurane, the electrocardiogram was monitored, and temperature was maintained using a heating pad throughout the imaging procedures. First, the rats were injected with 37 MBq of NH 3 in the tail vein, and perfusion images were acquired for 10 min starting 5 min after injection. Then, the rats were injected with 37 MBq of 18 F-RGD in the tail vein without moving the animal between the NH 3 and 18 F-RGD scans, and PET images were acquired for 30 min starting 90 min after injection.
Data were acquired in 3 dimensions and stored in list-mode format and sorted into a 3-dimensional sinogram, which was reconstructed using a 2-dimensional filtered backprojection algorithm with a ramp filter and cutoff at the Nyquist frequency (0.5 cycles/voxel). The resulting matrix was 128 · 128 pixels, with 95 transverse slices (voxel size, 0.43 · 0.43 · 0.80 mm 3 ). Data were normalized and corrected for randoms, dead time, and decay. No corrections were made for attenuation or scatter.
PET Image Analysis
PET images were analyzed using the MunichHeart/NM software package (12) . After manual definition of the long axis, myocardial contours in the NH 3 PET images were automatically defined. To standardize delineation of myocardial contours throughout the LV, volumetric sampling and geometric constraints were used to optimize the quantification in the presence of large defects. For localization of MI and measurement of the defect size, NH 3 activities of all sampling points were displayed as a polar map. Each polar map was normalized to a region of interest (ROI) in the remote myocardium. Then, the defect area was defined as the fraction of polar map elements with tracer uptake less than 50% of the maximum uptake and expressed as percentage of the total LV.
For quantification of 18 F-RGD uptake in the defect area and in the remote myocardium, the myocardial contours from the NH 3 scan were copied to the coregistered 18 F-RGD data. Then, the generation of 18 F-RGD polar maps was repeated using matching image orientation and sampling points. The ROIs in the NH 3 polar maps delineating the defect area and remote myocardium were then copied to the 18 F-RGD polar maps to allow precise spatially matched quantification of 18 F-RGD activity. The mean radioactivity concentration within the 18 F-RGD ROI was converted to Bq/ cubic centimeter and expressed as percentage of injected dose per tissue cubic centimeter (%ID/cm 3 ) assuming constant density of the cardiac tissue.
Cardiac MRI
Electrocardiogram-gated cardiac MRI was a 1.5-T Philips Achieva MRI scanner (Philips Medical System) connected to a small-animal electrocardiogram triggering system (SA Instruments) and a small 47-mm flex loop coil as previously described (15) . The rats were anesthetized with intramuscular injection of midazolam (0.15 mg/kg), medetomidin (2 mg/kg), and fentanyl (0.005 mg/kg). The heart rate was between 180 and 210 beats per minute during the scan. With the rat in the prone position, short-axis images were acquired using a turbo field echo sequence with the following parameters: repetition time, 14 ms; echo time, 4.5 ms; flip angle, 30°; in-plane resolution, 0.31 · 0.31 mm; and slice thickness, 2 mm with contiguous slices.
The MunichHeart/MR software package was used for the quantitative MRI analysis (15) . Endo-and epicardial contours of the LV slices were manually traced in end-diastole and end-systole. Then, LV end-diastolic volume (EDV) and end-systolic volume (ESV), ejection fraction (EF), and global wall thickening (WT) were calculated. Volumes were corrected for body weight at the time of imaging for comparison of serial measurements. On the basis of results from clinical and experimental data (4,6), LV remodeling was defined as a greater than 20% increase in EDV between baseline and 12-wk MRI measurements.
Ex Vivo Pathologic Analysis
The rats were euthanized using an intravenous injection of pentobarbiturate (150 mg/kg, Narcoren; Merial). The heart was excised and sliced along its short axis into four approximately 1-to 2-mm slices, from the apex to the base. The slices were incubated in 1% 2,3,5-triphenyltetrazolium chloride (TTC) solution at 37°C for 20 min and photographed from both sides. The infarct size was measured as the average percentage of LV circumference occupied by the infarct scar using software (ImageJ 1.43n; National Institutes of Health) (Supplemental Fig. 2 ). The presence of MI was defined as infraction involving greater than 4% of the endocardial circumference (16) . Further, 5-mm-thick cryosections of the heart were prepared. Serial 5-mm sections were stained with hematoxylin and eosin and with Masson trichrome (Sigma-Aldrich, Germany) to distinguish the collagen from the muscle tissue.
Autoradiography and Immunohistochemical Analysis
For the localization of 18 F-RGD uptake, a subgroup of 6 rats was injected with 37 MBq of 18 F-RGD and euthanized 90 min later 1 wk after MI. The hearts were excised, frozen, and embedded in methylcellulose. Serial LV short-axis cryosections of 20-and 6-mm thicknesses were obtained at approximately 1-to 2-mm intervals from the apex to the base covering the entire heart. Accumulated 18 F activity in the sections was measured using digital autoradiography.
After careful coregistration of the autoradiographs and histologic images, regional tracer uptake was analyzed in ROIs located in the center of the infarcted myocardium and in the remote noninfarcted myocardium and expressed as background-corrected photostimulated luminescence units. Vascular and macrophage densities in the same ROIs were determined by CD31 (BD PharMingen) and CD68 (MAC-3; BD Pharmingen) immunohistochemical staining using a 3-point scoring system performed by a pathologist, masked to the results of tracer uptake study.
Statistical Analysis
All data are expressed as mean 6 SD. 18 F-RGD uptake, residual NH 3 uptake, MI size, ESV, and EDV, was used to identify independent predictors of the increase in EDV from 1 to 12 wk. P values less than 0.05 were considered statistically significant.
RESULTS
Of the 50 rats with coronary ligation, 28 survived (19 died during the first week) the 12-wk study protocol. Three rats with ligation were excluded, because no MI (,4% of the LV in histology after 12 wk) was detected. Thus, in addition to the 9 sham-operated controls, the final study group consisted of 25 animals with permanent LCA ligation (plus 6 rats used for ex vivo analyses only). Average body weights increased from 352 6 42 g at 1 wk to 515 6 43 g at 12 wk after MI (P , 0.001) and from 381 6 28 g at 1 wk to 543 6 74 g at 12 wk after the sham operation (P , 0.001).
At 12 wk after MI, sham-operated rats showed no MI. In the group of 25 rats with LCA ligation, 20 showed fully transmural MI scarring (Supplemental Fig. 2 ). Average MI size was 29.7% 6 6.9% (range, 14%-43%) of the LV. Defect size in NH 3 PET images increased from 1 wk (25.6% 6 9%) to 12 wk (28.9% 6 8.3%). PET image-derived defect size and MI size by TTC staining showed good correlation (r Spearman 5 0.89, P , 0.001) at 12 wk.
In Vivo Imaging of Myocardial 18 F-RGD Uptake After MI
There was low 18 F-RGD uptake in the hearts of shamoperated rats, but focally increased 18 F-RGD uptake was seen in the anterior and lateral LV wall after LCA ligation (Fig. 1) . Polar maps demonstrated homogeneous NH 3 and 18 F-RGD distribution throughout LV myocardium in all sham-operated rats. In contrast, sometimes patchy areas of increased 18 F-RGD uptake throughout the area of NH 3 defect after LCA ligation that was clearly distinct from liver uptake and uptake in the surgical wound in the chest wall were observed (Fig. 1) . Average 18 F-RGD uptake was higher in the defect area than in the remote myocardium of MI rats or in sham-operated rats (0.20 6 0.05 vs. 0.06 6 0.03 and 0.07 6 0.04 %ID/cm 3 , P , 0.001 and P , 0.001, respectively) (Fig. 2) . A moderate correlation was found between 18 F-RGD uptake and the residual NH 3 uptake in the defect area (r Spearman 5 0.46, P , 0.05) (Supplemental Fig. 3A) . However, there was no correlation between PET defect size and 18 F-RGD uptake (Supplemental Fig. 3B ). 18 F-RGD polar maps. Each NH 3 polar map was normalized to its remote myocardium uptake (as maximum uptake) and defect area ROI was defined using 50% threshold. Then both remote and defect ROIs were coregistered to 18 F-RGD polar map using same axes to evaluate 18 F-RGD uptake in infarcted and remote myocardium. Uptake of 18 F-RGD in infracted area in rat with less than 20% increase in EDV is higher than in rat with greater than 20% increase in EDV. In B, increased NH 3 All of the 6 rats subjected to ex vivo examinations at 1 wk after MI survived and showed infarction. Irrespective of reperfusion, autoradiography confirmed 3.9 6 1.5 times higher 18 F-RGD uptake in the infarcted area than in the remote myocardium of the same rats and 3.4 6 1.3 times higher uptake in the infracted area than in the sham-operated controls (Supplemental Fig. 4) . 18 F-RGD uptake ratio was strongly correlated with CD31-positive microvessel density in the infarcted area (r Spearman 5 0.83, P , 0.05) but showed an inverse correlation with CD68-positive macrophage density (r Spearman 5 20.81, P , 0.05) (Supplemental Fig. 4 ).
Long-Term LV Function and Remodeling After MI
The MR images and results are shown in Figure 1 and Table 1 . Compared with the sham-operated rats, body weight-corrected EDV and ESV were higher in the MI group than in sham-operated group at 12 wk. Global EF and WT were lower in the MI group than in the sham group at both 1 and 12 wk after infarction.
In the sham-operated rats EDV and ESV remained unchanged from 1 wk to 12 wk. In contrast, EDV and ESV increased from 1 wk to 12 wk in the MI group (10.6%, P , 0.05 and 14.3%, P , 0.001, respectively). Global EF and WT were comparable at 1 and 12 wk.
There was significant LV remodeling-that is, a greater than 20% increase in the EDV from 1 wk to 12 wk in 10 rats. In these rats, average EDV increased from 0.37 6 0.04 mL/g at 1 wk to 0.51 6 0.05 mL/g at 12 wk (P , 0.001) and ESV from 0.21 6 0.04 mL/g to 0.29 6 0.05 mL/g (P , 0.001). However, EF remained comparable (42 6 10 vs. 44% 6 9%). In rats with no remodeling (,20% increase in EDV), the average EDV, ESV, and EF were comparable at 1 and 12 wk after MI (0.46 6 0.07 vs. 0.44 6 0.07 mL/g, 0.26 6 0.07 vs. 0.26 6 0.08 mL/g, and 44% 6 10% vs. 41% 6 12%, respectively).
Early 18 F-RGD Uptake, MI Size, LV Function, and Remodeling
In the rats with significant remodeling (i.e., .20% increase in EDV), average 18 F-RGD uptake at 1 wk in the defect area was lower than in other rats (0.15 6 0.07 vs. 0.21 6 0.05 %ID/cm 3 , P , 0.05 [ Fig.2]) . Figure 1 shows examples of PET and MR images in rats with less than 20% and greater than 20% increases in EDV.
Uptake of 18 F-RGD in the defect area correlated inversely with changes in the EDV (r Spearman 5 20.66, P , 0.001), FIGURE 2. (A) Average 18 F-RGD uptake in infarcted myocardium was higher than that in remote myocardium of MI rats or shamoperated rats at 1 wk after MI. Furthermore, average 18 F-RGD uptake in infarcted myocardium was higher, but defect sizes were smaller in rats with greater than 20% than in rats with less than 20% increase in EDV (Δ EDV) (*P , 0.05). Scatterplots demonstrate that there were correlations between 18 F-RGD uptake at 1 wk after MI and changes in EDV (B), ESV (C), EF (D), WT (E), and NH 3 PET defect size (F) from 1 wk to 12 wk after MI. Uptake of 18 F-RGD in defect area correlated inversely with change in EDV, ESV, and NH 3 PET defect size but directly with change in percentage EF and percentage WT from 1 wk to 12 wk. High 18 F-RGD uptake at 1 wk after MI predicted improvement in LV function, less increase in MI size, and less increase in LV size.
ESV (r Spearman 5 20.56, P , 0.05), and PET defect size (r Spearman 5 20.74, P , 0.001) but directly with changes in EF (r Spearman 5 0.46, P , 0.05) and WT (r Spearman 5 0.55, P , 0.05) from 1 wk to 12 wk after MI (Fig. 2) . There was also a correlation between MI size (assessed by either TTC or PET) after 12 wk and the change in EDV (r Spearman 5 0.48, P , 0.05). However, unlike 18 F-RGD uptake, the defect size at 1 wk was not significantly correlated with change in EDV (r 5 20.01, P 5 not significant).
In a multivariate linear regression model including 18 F-RGD uptake in the infarcted area, residual NH 3 uptake in the infracted area, MI size, ESV, EDV, and 18 F-RGD uptake remained a significant predictor of the increase in EDV from 1 wk to 12 wk (Table 2 ).
DISCUSSION
We found that high levels of 18 F-RGD uptake in the infarcted area early after MI were associated with the absence of LV remodeling after 12 wk of follow-up. One week after MI, increased a v b 3 integrin expression associated with angiogenesis and infarct healing could be assessed using PET of 18 F-RGD uptake. Serial MRI measurements at 1 and 12 wk showed marked dilatation of LV consistent with remodeling. In these rats, 18 F-RGD uptake in the infarcted area inversely correlated with LV dilatation and directly correlated with worsening of systolic function. Low 18 F-RGD uptake was an independent predictor of subsequent LV dilatation. These results provide the first evidence that a v b 3 integrin expression could enable monitoring of myocardial repair after MI by molecular imaging, potentially enabling the assessment of relevant prognostic information.
RGD Imaging
18 F-RGD is a PET tracer containing the cyclic RGD peptide that binds to a v b 3 integrin with high selectivity (12, 17) . We have found increased 18 F-RGD uptake in rat model of myocardial ischemia-reperfusion in the infarcted and border-zone areas (8) . The uptake was efficiently blocked by predosing with a nonlabeled probe, confirming the biologic specificity of uptake (8) . Peak 18 F-RGD uptake occurred from 1 wk to 3 wk after MI (8) . Thus, we planned the presented study based on dual-isotope imaging of perfusion with NH 3 and a v b 3 integrin expression with 18 F-RGD. Our findings confirm the feasibility of imaging focal 18 F-RGD uptake in 1-wk-old infarctions after permanent coronary occlusion (8, 14) in rats as well as in human-reperfused MI (11) .
One week after LCA ligation, 18 F-RGD uptake was strongly associated with capillary density in the infarcted area, as assessed with histologic studies. This is consistent with previous findings with both 18 F-RGD and another RGDbased tracer labeled with 111 In (8, 9) . However, we did not find a correlation between macrophage density and the amount of 18 F-RGD uptake in the infarcted area that has been shown with some matrix metalloproteinase-targeted tracers (18) . Van de Borne et al. found that their RGD tracer was also bound to myofibroblasts in the infarcted area at 2 wk after MI by fluorescent microscopy of tissue sections (10).
F-RGD Uptake and LV Remodeling
We used an established rat model of coronary ligation to study post-MI LV remodeling (19) . Consistent with previous studies, MRI showed pronounced increase (.20%) in LV volume from 1 wk to 12 wk, even after moderate-sized MI (20%-40% of the LV circumference) (2, 4, 19) . Uptake of 18 F-RGD remained an independent predictor of the in- 
Study Limitations
We are aware of some limitations in our study. The permanent LCA ligation results in extensive cell death and fully transmural infarct scarring in the rat model. However, this is often not the case in the clinical situation, when early reperfusion limits cell death. Therefore, the predictive value of 18 F-RGD needs to be confirmed in different models, allowing standardization of the contributions of different pathophysiologic variables. The predictive value may also depend on the use of medications and timing of imaging, which need to be carefully evaluated in patient studies.
Our study protocol did not allow comparison of 18 F-RGD with other imaging markers with known predictive value after MI, such as detection of viable myocardium with 18 F-FDG. There was a clear association between 18 F-RGD uptake and residual perfusion as assessed by uptake of NH 3 , which may reflect the presence of inflammation in that area. Because of constraints in spatial resolution and tissue contrast in our clinical 1.5-T MRI scanner, we were not able to evaluate the extent of delayed enhancement in the infarcted area 1 wk after MI. In future studies, evaluation of this extent could allow more direct comparisons of the contributions of MI size and 18 F-RGD on the likelihood of LV remodeling. These studies should also involve a larger number of subjects.
CONCLUSION
Our results suggest that a v b 3 integrin expression is associated with myocardial repair after MI and enables its monitoring by molecular imaging to delineate prognostic information. Molecular imaging of a v b 3 integrin expression may offer an attractive imaging signal to improve risk assessment of post-MI patients and may serve as a biomarker for targeted therapy.
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